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Abstract

:

A multi-layer surface energy balance model was previously developed to estimate crop transpiration (T) and soil evaporation (E) in orchards partially wet by micro-irrigation systems. The model, referred to as SEB-PW, estimates latent (λE), sensible (H), and soil heat fluxes (G) and separates actual evapotranspiration (ETa) into dry and wet soil E and crop T. The main goal of this work was to evaluate the ability of the SEB-PW model to estimate ETa and analyze the diurnal and seasonal dynamics of E and T in two hazelnut (Corylus avellana L.) orchards irrigated by drip or micro-sprinkler systems. The assessment showed that simulated hourly ET was highly correlated with estimates from nearby weather stations and with measurements from micro-lysimeters (MLs). Hourly ET estimates were evaluated by root-mean-square error (RMSE), mean absolute error (MAE), the Nash–Sutcliffe coefficient (NSE), and the index of agreement (da), which equaled 58.6 W m−2, 35.6 W m−2, 0.85, and 0.94, respectively. Daily E estimates were also evaluated and equaled 0.27 mm day−1, 0.21 mm day−1, 0.87, and 0.94, respectively, and obtained a coefficient of determination (r2) of 0.85 when compared to the measurements from the MLs. Within a day of irrigation, E accounted for 28 and 46% of ET. In accordance with the obtained results, the proposed SEB-PW model improves estimates of soil E by allowing the wetted and non-wetted areas to be estimated separately, which could be useful for optimizing irrigation methods and practices in hazelnut orchards.
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1. Introduction


Hazelnut (Corylus avellana L.) is an important tree nut crop, with a global production of roughly 1,072,000 tons of in-shell nuts per year and a cultivated area of approximately 1,015,000 ha [1]. Most production of the crop occurs in Turkey (70%), Italy (11%), the United States, Georgia, and Azerbaijan [2,3]. Chile is also becoming a significant producer, where the area planted with hazelnuts has increased exponentially from 2500 ha to 24,456 ha in the last 10 years and is predicted to continue to increase at a rate of 3000 ha per year [4,5]. Soon, Chile will play a major role in the international hazelnut market and could become one of the largest exporters of the crop worldwide [3].



Irrigation is often essential in hazelnuts, particularly in areas with limited rainfall or in soils with low water holding capacity. The trees are susceptible to water stress due to poor stomatal regulation [6] and require approximately 800 mm of supplemental rain or irrigation per season to fully develop [7]. Water stress reduces photosynthetic activity quickly in hazelnuts and can result in early termination of fruit growth, earlier leaf drop, and a higher incidence of disease in the crop [8,9,10,11]. Usually, hazelnut orchards are irrigated by drip or micro-sprinkler systems, which, if designed and managed properly, have excellent uniformity and high application efficiencies.



Knowing the exact amount of water required by a crop is essential for irrigation planning and for improving the efficiency of irrigation water use. Low-volume systems such as drip or micro-sprinklers typically have lower wetted surface areas than other irrigation methods (e.g., sprinklers), which, depending on the frequency of water applications, can lead to less soil evaporation (E) [12]. Estimates in almond orchards have shown that evapotranspiration (ET) is 10% to 15% higher with micro-irrigation systems than with surface or sprinkler systems [13]. Depending on the type of irrigation system used, soil E can be a significant component of total crop ET during the growing season [14,15]. E from bare soil is commonly described in two stages [16]. During the first stage, E is governed by atmospheric conditions and is limited by available energy in the upper soil layers and by the vapor gradient between the soil and atmosphere. During the second stage, E primarily becomes a function of soil water content, soil hydraulic properties, and temperature gradients [17].



Studies have shown that E can range between 10% to 70% of ET for different crop types, including grapes and olives [18,19,20,21]. Even in drip-irrigated vineyards, E can represent 28% to 46% of total ET after an irrigation event [14]. For crops with lower spacing densities, such as hazelnuts (570–800 trees ha−1), E may constitute an even greater fraction of total ET due to the larger area of soil surface exposed directly to sunlight and the atmosphere. In hazelnut, previous studies have focused on water consumption [7,22,23], but the separation of ET into soil E and canopy transpiration (T) has not been reported to our knowledge.



Different approaches are used for the determination of ET. Traditionally, ET is determined by multiplying reference ET, usually obtained from an automated weather station, by a set of seasonal crop coefficients. Crop coefficients are determined according to crop type and growth stage and normally follow the FAO-56 procedure [24]. However, this method requires information on the dates of crop development, which can sometimes be difficult to predict due to the different geographic and climate zones where a crop is planted [25]. Another commonly accepted method is the Penman–Monteith model. Modifications to the Penman–Monteith model consist of extending the single-layer model to a multi-layer model, such as two layers in the Shuttleworth and Wallace model [26] and four layers in the Choudhury and Monteith model [27], where crop-to-crop differences are represented by crop-specific surface and aerodynamic resistance values [28,29]. The multi-layer models partition the available energy into latent heat (λE), sensible heat (H), and soil heat (G) fluxes for the canopy/soil system and offer the possibility of including the effect of partially wetted surfaces on total ET [14]. The advantage of these models for determining total ET, T, and E is widely recognized [30,31,32,33,34,35,36,37,38].



A modified surface energy balance model was previously proposed by Souto et al. [14] to estimate actual evapotranspiration (ETa). The model uses a surface energy balance for partially wetted (SEB-PW) orchards irrigated by micro-irrigation systems and includes the effect of E from wetted and non-wetted areas on total ET. The model is based on the original approaches of Lagos et al. [29] and Choudhury and Monteith [27] and has the advantage of partitioning ET into T and E. The model was initially evaluated in a drip-irrigated wine grape vineyard in Northern California for a range of fractional crop canopy cover conditions; however, further evaluation is required to test the model in other crops, including hazelnut.



The main goal of the present work was to evaluate the ability of the SEB-PW model to estimate total ETa, crop T, and soil E in hazelnut and analyze the diurnal and seasonal dynamics of T and E in orchards irrigated by drip or micro-sprinklers. Estimated hourly, diurnal, and seasonal ETa were compared with estimated ET obtained from two ET stations, as well as with E measurements from micro-lysimeters (MLs), during three growing seasons in the southern Central Valley of Chile.




2. Materials and Methods


2.1. Study Site


The SEB-PW model was applied at two commercial hazelnut orchard sites, S1 and S2, which are located 20 km east of the city of Chillán (36°35′20.07″ S, 71°47′55.51″ W; 254 m above sea level) and 5 km west of the city of Bulnes (36°42′30.53″ S, 72°21′38.25″ W; 72 m above sea level) in the Diguillin Province, Ñuble Region of Chile, respectively (Figure 1). In both cases, the model was evaluated during the 2017–2018, 2018–2019, and 2020–2021 growing seasons. The soil at the sites consisted mainly of deep clay and clay loam, respectively. Site S1 was planted with the cultivar Tonda di Giffoni and irrigated by one micro-sprinkler (GyroNet, Netafim USA, Fresno, CA, USA) per tree. Each micro-sprinkler had a nominal flow rate of 30 L h−1. Irrigation, in this case, was scheduled 6 days per week in November and December, 5 days per week in January and February, and 7 days per week in March. Site S2 was planted with the cultivar Lewis and irrigated with two laterals per row and four drip emitters (Netafim USA, Fresno, CA, USA) per tree. Each drip emitter had a nominal flow rate of 3.8 L h−1. Drip irrigation was scheduled every 2–3 days for the entire growing season. Irrigation was similar each growing season and was controlled by the farmers at the sites. Other characteristics of the sites are presented in Table 1.



The orchards were harvested at the sites between the second half of March and the first half of April each year. The yield was measured during normal harvesting operations using blocks of trees located within the footprint areas of each ET station (see ‘ET and Micrometeorological Measurements’). Nuts were harvested manually and then collected in buckets and weighed. Yield totaled 5000, 5215, and 5150 kg ha−1 of fresh nuts in 2018, 2019, and 2021, respectively, at site S1, and 5450, 5983, and 5750 kg ha−1 of fresh nuts in 2018, 2019, and 2021, respectively, at site S2. Canopy height increased over time at the sites and ranged from 3.5–4.0 m in 2017–2018, 4.0–4.5 m in 2018–2019, and 4.5–5.0 in 2020–2021.




2.2. Climatic Conditions at the Study Site


The climate in the area of the study sites is typically warm and temperate, with the average temperature ranging from 27.8 in January to 3.4 °C in July [39]. During this study, air temperatures averaged 17.5, 17.2, and 17.4 °C during the 2017–2018, 2018–2019, and 2020–2021 growing seasons, respectively, at site S1 and 18.5, 18.2, and 18.3 °C during the 2017–2018, 2018–2019, and 2020–2021 growing seasons, respectively, at site S2. Annual rainfall at the sites totaled 1083 mm in 2017–2018, 776 mm in 2018–2019, and 710 mm in 2020–2021; average wind speed measured at 5.0 m and height ranged between 1.1 and 1.5 m s−1, with a predominant direction from the southeast at S1 and the southwest at S2. See Figure 2 for daily changes in average air temperature, wind speed, and vapor pressure deficit. Reference ET at the sites was approximately 670, 750, and 720 mm in the 2017–2018, 2018–2019, and 2020–2021 growing seasons, respectively.




2.3. The Modified SEB-PW Model


A modified surface energy balance model, SEB-PW, was used in the present study. The model has four layers, including the interaction of irrigated and non-irrigated areas, and distributes net radiation (Rn) into latent and sensible heat (λE and H), as well as soil heat (G) fluxes through the soil-canopy system, according to the energy balance. The total Rn, H, G, and λE fluxes are calculated rather than adding a wet soil fraction (Pw) in the SEB-PW model (see Figure 3). A summary of the SEB-PW model can be reviewed in Appendix A.




2.4. ET and Micrometeorological Measurements


A micro weather station (ET station) was installed at each site to measure the SEB components and micro-meteorological variables at 30 min intervals using a data logger (CR3000, Campbell Scientific Inc., Logan, UT, USA). Components included: two net radiometers (NRLite2, Kipp and Zonen Inc., Delft, the Netherlands) to measure Rn at 1.5 m above the canopy and at 3.0 m above the bare soil (between rows); a three-dimensional sonic anemometer (81000, R.M. Young Inc., Traverse City, MI, USA) mounted at ≈ 2.0 m above the canopy to measure H; two soil sensor packages each with two soil heat flux plates (HFP01SC, Hukseflux, Delft, the Netherlands), one soil moisture sensor (CS616, Campbell Scientific Inc., Logan, UT, USA), and four soil temperature probes (TCAV, Campbell Scientific Inc., Logan, UT, USA) to calculate G. For each package, the lower heat flux plate was installed horizontally at a depth 0.08 m below the soil surface, the soil moisture sensor was installed at a depth of 0.03 m, and the temperature probes were installed at depths of 0.02 m to 0.06 m on both sides of the heat flux plate and the soil moisture sensor. One package was installed in a tree row, and the other was located between two rows; G was calculated using the mean of both measurements. λE was determined using the SEB method, which estimates the values as the residual from Rn, H, and G. Each ET station also included a rain gauge (TR-525M, Texas Electronics, Dallas, TX, USA) and an air temperature/relative humidity probe (EE181-L Probe, Campbell Scientific Inc., Logan, UT, USA). These sensors were mounted ≈1.0 m above the canopy.



The shaded soil fraction (P) beneath the canopy was measured once a month from October to March on days with clear skies at solar noon (±1 h). Leaf area index (LAI) was calculated using the method developed by Allen et al. [25] using images from the Sentinel-2A satellite. The methodology was programmed in Google Earth Engine (GEE).




2.5. Soil Moisture Measurements


Soil water tension (SWT) was measured with a set of 12 solid-state electric resistance sensors (Watermark, Irrometer Company, Inc., Riverside, CA, USA). The sensors were placed at depths of 0.15, 0.45, and 0.75 m within and around the root system of a representative tree at both sites (Figure 4). Readings from the sensors were collected every 30 min using a data logger (900 M, Irrometer Company, Inc., Riverside, CA, USA). The wet soil fraction (Pw) on the surface was measured daily between 9:00 and 10:00 AM during three or four field campaigns in 2018–2019 (see Figure 2). The measurements were carried out with a measuring tape and then correlated to irrigated and non-irrigated areas recorded by the Watermark sensors.




2.6. Soil Evaporation Measurements


Soil E was measured using MLs, following procedures described by Feng et al. [40]. The MLs were manufactured from stainless steel rings with a height of 0.1 m and a diameter of 0.082 m (cross-sectional area of 0.00528 m2). A layer of PVC insulation was used to minimize lateral heat flux between the soil inside and outside the MLs [41]. Sixteen MLs were installed at site S1, including four each in wetted and non-wetted areas between the rows and below the canopy, and twelve MLs were installed at site S2, including six between rows (non-wetted area) and six below the canopy (wetted areas). Each ML was installed ≈24 h after irrigation, after which undisturbed soil cores were collected using stainless steel rings. The samples were capped at the bottom before being placed in a PVC sleeve and weighed every day between 8:00 and 9:00 AM and between 7:00 and 8:00 PM using an electronic scale (Gram FC-2000, Gram group, Barcelona, Spain) with a precision of 0.01 g. Each set of measurements was taken in the morning and evening to differentiate diurnal and nightly E values, i.e., when Rn was positive just after sunrise and before sunset. Measurements at site S1 were performed during three field campaigns, each lasting 5 days, during the period between 20 December 2018 and 23 January 2019. Measurements at site S2 were performed during four field campaigns, each lasting 2 days, during the period between 11 January and 3 March 2019.




2.7. Footprint Analysis


To ensure that the fluxes measured by the ET station came mainly from the surface of interest, the area of influence (footprint) at each site was calculated at both sites using the model proposed by Kljun et al. [42]. The calculations showed that 90% of the fluxes measured using the EC method were mainly from the area of interest (blue and red circled areas in Figure 1C). The recorded datasets revealed the main flux measurement inputs came primarily from southern to southeastern areas at site S1 and from southern to southwestern areas at site S2. The total area covered by the footprints was in the range of 100–140 m in width (east to west) and 150–200 m in length (north to south) at S1 and in the range of 50–70 m in width (east to west) and 100–120 m in length (north to south) at S2. The data used for modeling covered the entire growing season in 2017–2018, 2018–2019, and 2020–2021.




2.8. Model Performance


To assess the performance of the proposed model, five statistical metrics were used, including the coefficient of determination (r2), the Nash–Sutcliffe coefficient (NSE), the index of agreement (da), the root mean square error (RMSE), and the mean absolute error (MAE). For r2 and NSE, values closest to 1.0 demonstrate the best model performance.





3. Results and Discussion


3.1. Model Calibration


The parameters affecting canopy resistance were calibrated to adjust modeled ET to the residual of the SEB. Measurements taken at sites S1 and S2 were used to calibrate the SEB-PW model during the 2018–2019 growing season. Observations from 7 days prior to each field campaign were used to calibrate coefficients C1, C2, and C3 of the canopy resistance model [43]. For E, values for fitting a and b parameters in the soil resistance model were selected from the literature [44].



3.1.1. Surface Energy Balance Measurements during Calibration


The hourly values of the SEB parameters during each field campaign at sites S1 and S2 are shown in Figure 5 and Figure 6, respectively. RH was 10–30% lower, and Ta, u, and VPD were 10–15%, 10–20%, and 10–30% higher, respectively, in mid-January than during other dates at both sites.



At site S1, daily averages of the H/Rn fraction were 0.21, 0.21, and 0.18 during the first, second, and third field campaigns, respectively. H/Rn was frequently lower during the first 2 days after irrigation, while λE was similar at 3 days after irrigation across field campaigns. Most of the Rn was converted into λE, while H was often small (i.e., 15–40% of Rn) in well-irrigated crop systems (Figure 5). Mean daily Rn was positive during the summer at the site and reached a maximum of nearly 850 W m−2 on clear, sunny days and 150–450 W m−2 on cloudy days (Figure 5b). G was the smallest energy component of the SEB (0.5–1.5% of Rn) and as low as 3.0 W m−2 due to cloudy days during the second field campaign. Conditions during the second field campaign also resulted in lower λE. At that point, average Ta decreased by 15%, and average u increased by 20% relative to the other measurement periods. In contrast, λE was highest, on average, during the third field campaign due to warm, sunny weather and greater phenological development in the hazelnut trees.



At site S2, daily averages of the H/Rn fraction were 0.22, 0.25, 0.30, and 0.32 during the first, second, third, and fourth field campaigns, respectively. H/Rn was similar between campaigns because the trees were irrigated every 2 days, and H was often small compared to λE in well-irrigated cropping systems (Figure 6). Maximum daily Rn was nearly 800 W m−2 on a clear day in January (Figure 6b), 715 W m−2 on clear days in February (Figure 6c) and March (Figure 6d), and ≈650 W m−2 on a cloudy day in January (Figure 6a). During each campaign, daily G hovered mostly near zero, and λE was lowest during day 2 of the first campaign due to heavy cloud cover. λE also decreased slightly when the trees were closer to harvest in February and March.



In general, the SEB measurements differed between the sites, which could be attributed to the irrigation method. Determining the water requirements of orchards irrigated by drip and micro-sprinklers requires good knowledge of H/Rn, G/Rn, and λE/Rn ratios, which depend on tree vigor, soil water, and energy availability. Vigor is manifested mainly through canopy size and density, LAI, and P [45]. Lopez et al. [46] suggested that these parameters, along with pruning and the irrigation system, have a significant effect on the partitioning of Rn. Depending on soil water availability, the canopy structure, and P, the amount of H generated at the soil surface can be a major contributor to the energy balance [46], similar to what was observed at site S2. Ortega et al. [45] found similar results in an olive orchard.



The previous SEB measurements at sites S1 and S2 were used to calibrate the SEB-PW model. The calibration results are shown in Table 2. Once the model was calibrated, it was evaluated using the data measured during three growing seasons.




3.1.2. Diurnal Dynamics of ET and E after Calibration


The hourly values estimated with the SEB-PW model and λE measured using the ET station during all field campaigns at sites S1 and S2 are presented in Figure 7 and Figure 8, respectively.



At site S1, the diurnal dynamics of λE estimated with the SEB-PW model were similar to the values measured with the ET station (Figure 7). During the 2018–2019 growing season, λE flux reached a maximum at midday of 715 W m−2 on January 18, which was a clear and sunny day. In contrast, values were much lower on January 7 (480 W m−2), 8 (67 W m−2), and 9 (300 W m−2) due to clouds and rain. Overall, ET estimates with the SEB-PW model were 2% to 8% less than the measured values. As was expected, latent heat flux from the soil (λEsoil) was higher on the first day after irrigation and decreased during the following days, except during the second field campaign (Figure 7b).



At site S2, the diurnal dynamics of λE estimated with the SEB-PW model and measured with the ET station at site S2 were similar to those at site S1. At this site, λE flux reached a maximum of 670 W m−2 on 11 January (sunny) and a minimum of 500 W m−2 on 12 January (cloudy). ET values estimated with the SEB-PW model were slightly higher than the values measured with the ET station, mainly between the hours of 13:00 and 15:00. λEsoil was lower at site S2 than at site S1 due to a smaller wetted soil fraction with drip (S2) than with micro-sprinklers (S1).



Since micro-sprinklers generated higher Pw than the drip irrigation system, E was generally higher at site S1 than at S2 (Figure 7 and Figure 8). However, as a canopy grows, it increasingly covers the more wetted area and, therefore, reduces the amount of radiation reaching the soil and, consequently, the energy available for E from the wetted area [47].




3.1.3. Comparison of Diurnal, Nightly, and Daily Soil E


Diurnal E estimated by the SEB-PW model versus values measured with ET stations and micro-lysimeters are shown in Figure 9a. Average E decreased from 2.3 mm d−1 during the first day after irrigation to 0.8 mm d−1 during the following days. Patterns of increasing and decreasing E are consistent with the effect of irrigation frequency at both sites. A substantial decrease in E was observed at site S1, which had longer irrigation intervals (6 days), as well as a larger wetted area, than site S1. Diurnal E measurements and SEB-PW predictions on all days at sites S1 and S2 exhibit a similar distribution around the 1:1 line (Figure 9a). The SEB-PW model presented an r2 of 0.87 and a slope of 1.0. Furthermore, when compared to field measurements, diurnal E estimates from the SEB-PW model resulted in an RMSE of 0.5 mm d−1, an MAE of 0.4 mm d−1, an NSE of 0.62, and a da of 0.85.



With one exception, the measured evaporation ratio (Eratio), calculated as the ratio between total soil E and total ET, was higher the first day after irrigation, with values ranging between 25% and 34% at site S1 and between 22% and 28% at site S2 (Figure 9b). Jara et al. [48] found that daily E measured with MLs accounted for 14% of total ET during 28 days of observation in corn (Zea Mays L.), which is lower than observed in the present study because corn fields have higher planting densities than hazelnut orchards. Montoro et al. [18] found similar values of E in grapevines, i.e., 11% to 31% of total ET. When compared to field measurements, RMSE and MAE of the diurnal Eratio estimated by the SEB-PW model were 0.08 and 0.07, respectively. Diurnal E from non-wetted areas (black squares, Figure 9a) was 30% and 37% of total diurnal E measured with MLs at site S1 and S2, respectively, while diurnal E from wetted areas was 70% and 63%, respectively (green triangles, Figure 9a). At both sites, diurnal E estimated from the SEB-PW model were similar to diurnal E measured by MLs in wetted and non-wetted areas.



Nightly E estimated by the SEB-PW model versus the values measured with MLs is shown in Figure 10. Nightly E estimated by the model presented an r2 of 0.94, with a regression slope of 0.89. For nightly E, MAE was 0.09 mm d−1, while RMSE was 0.13 mm d−1, NSE was 0.60, and da was 0.90. It was observed that nightly E was similar between the orchards with micro-sprinkler and drip irrigation systems and averaged 0.45 mm d−1 at both sites. In both cases, nightly E ranged between 5% to 10% of total ET. Jara et al. [48] found lower nightly E values in a corn field, with an average of 0.2 mm per night, accounting for only 5.5% of total ET. Meanwhile, Colaizzi et al. [49] measured nightly E values between 0.01 to 0.34 mm in a cotton field irrigated by a lateral-moving sprinkler system.



Daily E measurements and SEB-PW predictions for both sites S1 and S2 exhibited a deviation from the 1:1 line (Figure 11a). Daily E estimations by the SEB-PW model presented an underestimation with respect to the E measured with MLs (r2 of 0.96 and regression slope of 0.88). The daily weighted average of E estimated by the model for micro-sprinkler (site S1) and drip (site S2) irrigation systems were 1.5 and 1.1 mm d−1, at site S1 and S2, respectively, while those measured with MLs were 1.6 and 1.4 mm d−1, respectively. The maximum daily E value measured with MLs was 3.0 ± 0.05 mm d−1 with the micro-sprinklers and 2.1 ± 0.04 mm d−1 with the drip system and, in both cases, was observed a day after irrigation was applied. Furthermore, daily E was lower (approximately 0.4 mm d−1) each day before irrigation compared to 2 or 3 days after irrigation. When compared to field measurements, daily E estimates from the SEB-PW model resulted in an RMSE of 0.4 mm d−1, an MAE of 0.3 mm d−1, an NSE of 0.69, and a da of 0.88.



As with diurnal E, measured Eratio was higher the first day after irrigation, with values ranging between 34% and 39% of total ET at site S1 and 29% and 42% of total ET at site S2 (Figure 11b). The modeled Eratio was also higher on the first day after irrigation at both sites, with values ranging between 27% and 32% of total ET at site S1 and 26% and 34% of total ET at S2. Meanwhile, lower Eratio values were measured on the second day after irrigation at site S2 and the fifth day after irrigation at site S1, averaging 18% and 13%, respectively. Similar values were simulated by the SEB-PW model. Daily E from non-wetted areas measured with MLs (black squares, Figure 11a) was 32% of total daily E at site S1 and 35% of total daily E at site S2, similar to values found by the SEB-PW model. Daily E from wetted areas (green triangles, Figure 11a) was 68% of the total diurnal E at site S1 and 65% at site S2. Similar Eratio values were reported in the literature when measured daily Eratio values were compared to predictions from energy balance models [18,21,48,49]. Based on the statistical parameters (Table 3), the calibrated SEB-PW model showed good agreement between measured and calculated daily E (24 h).





3.2. E and Actual ET Comparison for Micro-Sprinkler and Drip Irrigation Systems


The daily actual ET (ETa) and E modeled by the SEB-PW model at sites S1 (micro-sprinkler irrigation) and S2 (drip irrigation) were analyzed to compare the differences between the two irrigation systems (Figure 12a,b). ETa modeled at site S1 was, in general, higher compared to site S2 due to the irrigation method associated with the wetted area and the canopy cover. The P measured at site S1 was higher than at site S2; therefore, intercepted solar radiation was also higher, leading to an increase in ETa. Fereres et al. [50] first studied the relationship between ETa and P and found a nearly linear relationship between the percentage of the estimated ET of a mature almond orchard and the area shaded by the trees. Other researchers, e.g., Marino et al. [51] and Marsal et al. [52], discovered a direct relationship between cumulative ET and PAR (photosynthetically active radiation) light interception by the tree canopy and found that the higher the PAR light interception by the tree canopy, the higher ET. For all data and field campaigns at both sites, ETa presented an r2 of 0.97 concerning P and was similar to values in the literature [50,51] (Figure 12). Testi et al. [47] deduced that the increase in ET induced by the wet area depends on the Pw by the micro-irrigation system.



E modeled by the SEB-PW model versus the Pw is shown in Figure 12b. The micro-irrigation systems (i.e., drip and micro-sprinkler) only wet a fraction of the total soil volume. The soil area wetted by a micro-sprinkler irrigation system is, in theory, larger than that of a drip irrigation system; therefore, potential decreases in ET under a drip irrigation system are associated with a decrease in the E (Figure 12b). The average E at S1 was 30% higher than at S2. At site S1, the highest E occurred when Pw was near 95%, with values close to 2.5 mm d−1. For S2, this occurred when Pw was approximately 50%, with E values close to 1.8 mm d−1 and 2.1 mm d−1. A direct relationship between E and Pw was observed, presenting an r2 of 0.93 (Figure 12b).




3.3. Model Validation: Seasonal Dynamics of E, Crop T, and ET


The hourly measurements and SEB-PW predictions were analyzed to evaluate the model performance for each growing season at sites S1 (Figure 13) and S2 (Figure 14). Daily measurements and predictions are shown in Figure 13d–f (site S1) and Figure 14d–f (site S2), and cumulative actual ET (ETast), ET (ETa SEB-PW), soil E (λEsoil SEB-PW), and crop T (λEc SEB-PW) are shown in Figure 13g–i (site S1) and Figure 14g–i (site S2).



At site S1, each growing season, λE measured with the ET station was highly correlated to the values calculated by the SEB-PW model (Table 4). Similar results have been reported in other studies when the measured hourly dynamics of λE are compared to predictions from energy balance models [32,36,53,54]. In the present study, the difference in Etast and Etast SEB-PW between the first and latter two growing seasons was mainly due to the start date of the data collection, which was initiated on 20 November during 2017–2018 and October 1 during 2018–2019 and 2020–2021. The ratio of annual ET calculated with the SEB-PW model to the annual ET measured with the ET station was between 0.97 and 1.07, while cumulative E values from the model were 24% to 28% of cumulative ET. Crop T estimated by the model was 72% to 76% of the annual ET.



At site S2, similar to site S1, λE measured with the ET station was highly correlated to the values calculated by the SEB-PW model at site S2 (Table 4). Whether it was measured or modeled, cumulative ET, in this case, was lower than at site S1 and ranged between 600 mm to 780 mm (Table 5). Once again, a difference in ETast and ETast SEB-PW between the first and latter two growing seasons was mainly due to the start date of the data collection, which was initiated on 10 November during 2017–2018 and October 1 during 2018–2019 and 2020–2021. The ratio of annual ET calculated with the SEB-PW model to the annual ET measured with the ET station was between 0.98 and 1.01, while cumulative E values from the model were 15% to 19% of cumulative ET. Crop T estimated by the model was 83% to 85% of the annual ET.



When the entire surface of the orchard was wetted, the total ET mostly consisted of E. This typically occurs after a rainy day or during the winter. During the growing season, E decreased markedly, while crop T became the largest component of total ET (Figure 13g–i and Figure 14g–i). A comparison of cumulative E between the sites illustrates the level by which the micro-sprinklers increased E relative to drip irrigation (less wetted area). Testi et al. [47] indicated that the combined effects of micro-advection, aerodynamic sheltering, and intermittent shading make a mechanistic model of ET and E from wetted and non-wetted areas difficult to develop; however, the presented SEB-PW model produced good results based on statistical parameters (Table 5).



The results show that ET estimated from the SEB-PW model was in good agreement with the ET measurements in both hazelnut orchards. These results are significant because they provide a better understanding of soil E when using different micro-irrigation systems and allow the user to divide crop water consumption into separate components, including crop T, soil E, and total ET. The model improved estimates of soil E by allowing wetted and non-wetted areas to be calculated separately. According to the statistical results obtained, RMSE, MAE, NSE, and da were in agreement with one another and corroborated that the SEB-PW model provides accurate estimates of both ET and E.





4. Conclusions


The SEB-PW model was evaluated using Rn, H, G, and E measurements obtained in two hazelnut orchards with different P and Pw irrigated by micro-sprinkler and drip irrigation systems during three growing seasons. Measurements of Rn, H, and G were obtained by an ET station at each study site, and λE was determined with the SEB method that calculates λE as the residual from Rn, G, and H, while E was obtained with MLs installed in non-wetted and wetted areas. In addition, there was an hourly agreement between estimated and measured λE for the three growing seasons at both sites, da varied between 0.85 and 0.98, NSE between 0.70 and 0.92, MAE between 29.4 W m−2 and 55.8 W m−2, and RMSE between 48.6 W m−2 to 95.1 W m−2. Soil E calculated with the SEB-PW model and E measured with MLs had an r2 of 0.87 to 0.94 for diurnal E and nightly E analysis, while better results were obtained for daily E, with an r2 of 0.96. E from non-wetted areas was 29% of total E, while E from wetted areas accounted for the remaining 71%. Average nightly E was between 5 and 10% of daily E. Cumulative E from the SEB-PW model for all three growing seasons was 24% to 28% of cumulative ET for micro-sprinkler irrigation (site S1) and 15% to 19% for drip irrigation (site S2). Likewise, crop T estimated by the SEB-PW model was 72% to 76% of the annual ET at site S1 and 81% to 85% of the annual ET at site S2. The results show that ET estimates from the SEB-PW model were in good agreement with the ET measurements in both hazelnut orchards. With the SEB-PW model, it is possible to partition total crop ET into crop T and soil E. Specifically, the SEB-PW model may be used to calculate soil E from wetted and non-wetted areas separately. This research is expected to have future implications for irrigation system decision-making, design, and management, which considering the benefits of the results obtained for estimating diurnal and seasonal soil E, could save water and aid local and regional water conservation.
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Appendix A. Summary of the SEB-PW Model


The SEB-PW model distributes net radiation (Rn) into latent and sensible heat ( λ E and H), as well as soil heat (G) fluxes through the soil–canopy system, according to the energy balance:


  Rn −  λ E  − H − G = 0 ,  



(A1)






  H =  H c  +  H  bs   +  H s  ,  



(A2)






   λ E  =    λ E   c  +    λ E    bs   +    λ E   s  ,  



(A3)




where    H c   ,    H  bs   ,   and    H s    are the sensible heat from the canopy, bare soil, and soil shaded below the canopy (W m−2), respectively, and  λ Ec,  λ Ebs, and    λ   Es are the latent heat from the canopy, the bare soil between rows, and the soil below the canopy soil (W m−2), respectively. Physical and chemical energy storage terms in the canopy–soil system are not considered.



Considering the wet soil fraction (Pw), the latent heat flux from the bare soil between the rows and soil under the canopy becomes:


     λ E   s  =    λ E    ss   ·  (  1 −  P w   )  +    λ E    sh   ·  (   P w   )  ,  



(A4)






     λ E    bs   =    λ E    bss   ·  (  1 −  P w   )  +    λ E    bsh   ·  (   P w   )  ,  



(A5)




where    P w    is the wet soil fraction (0 < Pw < 1),  λ Ess and  λ Esh are the soil evaporation under the canopy for non-wetted and wetted areas (W m−2 and W m−2), respectively, and  λ Ebss and  λ Ebsh are the soil evaporation for the bare soil between the rows under non-wetted and wetted conditions (W m−2 and W m−2).



Including the differences in vapor pressure and temperature between levels (reference height, canopy, top soil, and lower soil layer), the latent heat fluxes from the canopy, under the canopy, and bare soil are estimated as:


     λ E   c  =    R  nc   · Δ ·  r 1  + ρ ·  C P  ·  (   e b *  −  e b   )    γ ·  (   r 1  +  r c   )  + Δ ·  r 1    ,  



(A6)






     λ E   s  =    R  nDC   · Δ ·  r L  ·  r 2  + ρ ·  C P  ·  (   e b *  −  e b   )  ·  (   r  us   +  r  uh   +  r L  +  r 2   )  − ρ ·  C P  · Δ ·  (   T b  −  T m   )  ·  (   r  us   +  r  uh   +  r 2   )    γ ·  r A ’  ·  (   r  us   +  r  uh   +  r L  +  r 2   )  + Δ ·  r L  ·  (   r  us   +  r  uh   +  r 2   )    ,  



(A7)






     λ E    bs   =    R  ne   · Δ ·  r  2 L   ·  r  2 b   + ρ ·  C P  ·  (   e b *  −  e b   )  ·  (   r  2 u s   +  r  2 u h   +  r  2 L   +  r  2 b    )  − ρ ·  C P  · Δ ·  (   T b  −  T m   )  ·  (   r  2 u s   +  r  2 u h   +  r  2 b    )    γ ·  r B ’  ·  (   r  2 u s   +  r  2 u h   +  r  2 L   +  r  2 b    )  + Δ ·  r  2 L   ·  (   r  2 u s   +  r  2 u h   +  r  2 b    )    ,  



(A8)




where Rnc, RnDC, and Rne are the net radiation absorbed by the canopy, below the canopy, and absorbed by the soil between rows (W m−2), respectively;  ρ  is the density of moist air (1.013 kg m−3); Cp is the specific heat of air (1013 J kg−1 °C−1);  γ  is the psychrometric constant (kPa °C−1);    e b    is the vapor pressure of the atmosphere at the canopy level (kPa);    r 1    is aerodynamic resistance between the canopy and the air (s m−1);    r c    is the surface canopy resistance (s m−1);    r L    and    r  2 L     are the soil heat flux resistance for the lower layer under the canopy area and from the bare soil (s m−1), respectively;    r 2    is the aerodynamic resistance between the canopy and the air at the canopy level (s m−1);    r  u s    ,    r  u h    ,    r  2 u s   ,   and    r  2 u h     are the soil heat flux resistance under the canopy and bare soil for the non-irrigated and irrigated upper layer (s m−1), respectively;    T m    is the soil temperature at the bottom of the lower layer (°C);    r  2 b     is the aerodynamic resistance between the air around the bare soil and the canopy height and the bare soil level (s m−1). See Souto et al. [14] for the other surface energy balance components and further details.
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Figure 1. Locations of the study sites (A,B), S1 (top right) and S2 (bottom right), in the Diguillin Province, Ñuble Region of Chile (A). Footprint area (C). 
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Figure 2. Environmental conditions during the 2017–2018, 2018–2019, and 2020–2021 growing seasons at sites S1 (a,c,e) and S2 (b,d,f). Shaded areas indicate the dates of three or four field campaigns in which soil evaporation was measured in 2018–2019. 
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Figure 3. Schematic of latent heat flux from canopy and soil. λEc, λEbs, and λEs are the latent heat from the canopy, the bare soil between rows, and the soil below the canopy, respectively. The last letter in λEbs and λEs indicate non-wetted (s) and wetted soil (h). 
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Figure 4. Watermark sensor placement at sites S1 and S2. Positions: A—under the trunk, B/E—0.8 m from the trunk, C/F—1.3 m from the trunk, and D/G—2.5 m from the trunk. 
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Figure 5. Diurnal trend of energy fluxes during three 5–day periods at site S1 in 2018–2019. The fluxes include soil heat flux (G), sensible heat (H), latent heat (λE), and net radiation (Rn). (a–c) represents the first, second, and third field campaigns, respectively. 
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Figure 6. Diurnal trend of energy fluxes during four 2–day periods at site 2 in 2019. The fluxes include soil heat flux (G), sensible heat (H), latent heat (λE), and net radiation (Rn). (a–d) represent the first, second, third, and fourth field campaigns, respectively. 






Figure 6. Diurnal trend of energy fluxes during four 2–day periods at site 2 in 2019. The fluxes include soil heat flux (G), sensible heat (H), latent heat (λE), and net radiation (Rn). (a–d) represent the first, second, third, and fourth field campaigns, respectively.
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Figure 7. ET and E estimated by the SEB–PW model (λESEB-PW and λEsoil), and ET measured by the ET station (λEst) during three field campaigns (a–c) at site S1 during the 2018–2019 growing season. 






Figure 7. ET and E estimated by the SEB–PW model (λESEB-PW and λEsoil), and ET measured by the ET station (λEst) during three field campaigns (a–c) at site S1 during the 2018–2019 growing season.
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Figure 8. ET and E estimated by the SEB–PW model (λESEB-PW and λEsoil) and ET measured by the ET station (λEst) during four field campaigns (a–d) at site S2 in 2019. 






Figure 8. ET and E estimated by the SEB–PW model (λESEB-PW and λEsoil) and ET measured by the ET station (λEst) during four field campaigns (a–d) at site S2 in 2019.
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Figure 9. Relationship between diurnal E (a) and Eratio (b) estimated by the SEB–PW model and measured with ET stations and micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E. 






Figure 9. Relationship between diurnal E (a) and Eratio (b) estimated by the SEB–PW model and measured with ET stations and micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E.
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Figure 10. Relationship between nightly E estimated by the SEB–PW model and measured with micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E. 






Figure 10. Relationship between nightly E estimated by the SEB–PW model and measured with micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E.
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Figure 11. Relationship between daily E (a) and Eratio (b) estimated by the SEB–PW model and measured with ET stations and micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E. 






Figure 11. Relationship between daily E (a) and Eratio (b) estimated by the SEB–PW model and measured with ET stations and micro–lysimeters (MLs). Black squares and green triangles represent non-wetted and wetted areas, respectively, and blue circles represent the mean of soil E.
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Figure 12. Relationship between actual ET (ETa) and E estimated by the SEB–PW model and the fraction of soil shaded by the plant canopy at solar noon (P) (a) and the wet soil fraction (Pw) (b), respectively. 






Figure 12. Relationship between actual ET (ETa) and E estimated by the SEB–PW model and the fraction of soil shaded by the plant canopy at solar noon (P) (a) and the wet soil fraction (Pw) (b), respectively.
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Figure 13. Relationships between modeled (SEB–PW) and measured (ST) hourly λE (a–c) and daily ET (d–f), and cumulative actual ET (ETa SEB–PW, and ETast), soil E (λEsoil SEB–PW), and crop T (λEc SEB–PW) at site S1 during the 2017–2018 (a,d,g), 2018–2019 (b,e,h), and 2020–2021 growing seasons (c,f,i). 






Figure 13. Relationships between modeled (SEB–PW) and measured (ST) hourly λE (a–c) and daily ET (d–f), and cumulative actual ET (ETa SEB–PW, and ETast), soil E (λEsoil SEB–PW), and crop T (λEc SEB–PW) at site S1 during the 2017–2018 (a,d,g), 2018–2019 (b,e,h), and 2020–2021 growing seasons (c,f,i).
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Figure 14. Relationships between modeled (SEB–PW) and measured (ST) hourly λE (a–c) and daily ET (d–f), and cumulative actual ET (ETa SEB–PW, and ETast), soil E (λEsoil SEB–PW), and crop T (λEc SEB–PW) at site S2 during the 2017–2018 (a,d,g), 2018–2019 (b,e,h), and 2020–2021 growing seasons (c,f,i). 






Figure 14. Relationships between modeled (SEB–PW) and measured (ST) hourly λE (a–c) and daily ET (d–f), and cumulative actual ET (ETa SEB–PW, and ETast), soil E (λEsoil SEB–PW), and crop T (λEc SEB–PW) at site S2 during the 2017–2018 (a,d,g), 2018–2019 (b,e,h), and 2020–2021 growing seasons (c,f,i).
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Table 1. Site characteristics and soil water properties at the study sites.






Table 1. Site characteristics and soil water properties at the study sites.





	Characteristic
	Site S1
	Site S2





	Planting year
	2011
	2013



	Planting density (trees ha−1)
	800
	571



	Tree spacing (m × m)
	5.0 × 2.5
	5.0 × 3.5



	Block size (ha)
	14.4
	4.3



	Soil depth (m)
	1.0
	1.0



	  ρ  avg (Mg cm−3) 1
	1.45
	1.29



	θPMPavg (cm3 cm−3) 1
	0.226
	0.197



	θFCavg (cm3 cm−3) 1
	0.401
	0.358



	Topographic slope (%)
	1.1
	1.0







Note(s): 1 Average bulk density (  ρ  avg) and soil water content at the permanent wilting point (θPMPavg), field capacity (θFCavg). Soil samples were analyzed by the Soil Laboratory at the Department of Soils and Natural Resources, School of Agronomy, University of Concepción.













[image: Table] 





Table 2. Performance of measured and modeled ET data collected from two study sites of hazelnut.






Table 2. Performance of measured and modeled ET data collected from two study sites of hazelnut.





	Study Site
	r2
	RMSE (W m−2)
	NSE
	da
	MAE (W m−2)





	S1
	0.96
	54.1
	0.92
	0.95
	40.3



	S2
	0.92
	58.5
	0.88
	0.92
	48.9
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Table 3. Statistical parameters for diurnal, nightly, and daily E.






Table 3. Statistical parameters for diurnal, nightly, and daily E.





	
Variable

	
Fields Campaigns (S1 and S2)




	
Diurnal

	
Nightly

	
Daily






	
r2

	
0.87

	
0.94

	
0.96




	
RMSE (mm d−1)

	
0.50

	
0.13

	
0.40




	
NSE

	
0.62

	
0.60

	
0.69




	
da

	
0.85

	
0.90

	
0.88




	
MAE (mm d−1)

	
0.40

	
0.09

	
0.30
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Table 4. Statistical parameters for instantaneous λE and actual daily ET.






Table 4. Statistical parameters for instantaneous λE and actual daily ET.





	
Variable

	
S1

	
S2




	
2017–2018

	
2018–2019

	
2020–2021

	
2017–2018

	
2018–2019

	
2020–2021




	
Hourly λE






	
r2

	
0.94

	
0.94

	
0.98

	
0.93

	
0.91

	
0.70




	
RMSE (W m−2)

	
48.6

	
54.3

	
75.4

	
51.2

	
55.4

	
95.1




	
NSE

	
0.92

	
0.92

	
0.89

	
0.87

	
0.90

	
0.70




	
da

	
0.98

	
0.98

	
0.94

	
0.96

	
0.97

	
0.85




	
MAE (W m−2)

	
29.4

	
31.3

	
40.3

	
32.9

	
37.0

	
55.8




	
Regression slope

	
0.99

	
0.98

	
0.94

	
0.94

	
0.98

	
0.76




	

	
Actual daily ET




	
r2

	
0.98

	
0.98

	
0.97

	
0.96

	
0.98

	
0.88




	
RMSE (mm d−1)

	
0.35

	
0.41

	
0.55

	
0.48

	
0.52

	
0.75




	
NSE

	
0.93

	
0.91

	
0.90

	
0.90

	
0.91

	
0.84




	
da

	
0.97

	
0.96

	
0.94

	
0.93

	
0.95

	
0.87




	
MAE (mm d−1)

	
0.25

	
0.32

	
0.35

	
0.29

	
0.33

	
0.45




	
Regression slope

	
1.01

	
1.03

	
0.99

	
0.98

	
1.05

	
0.93
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Table 5. Cumulative ET, crop T, and ETa at sites S1 and S2 for the 2017–2018 (A), 2018–2019 (B), and 2020–2021 (C) growing seasons.






Table 5. Cumulative ET, crop T, and ETa at sites S1 and S2 for the 2017–2018 (A), 2018–2019 (B), and 2020–2021 (C) growing seasons.





	
Variable

(mm Season−1)

	
S1

	
S2




	
2017–2018

	
2018–2019

	
2020–2021

	
2017–2018

	
2018–2019

	
2020–2021






	
ETast

	
750

	
860

	
765

	
615

	
760

	
720




	
ETc SEB–PW

	
720

	
850

	
780

	
600

	
780

	
690




	
λEc SEB–PW

	
547

	
612

	
570

	
510

	
639

	
560




	
λEsoil SEB–PW

	
173

	
238

	
210

	
90

	
141

	
130
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